Despite the large differences between winter wheat (Triticum aestivum L.) current and potential yields (i.e., yield gap, YG) in Kansas, limited research is available on individual agronomic practices, or their combination, economically increasing yield. Our objective was to quantify the contribution of individual and combined management practices to reduce the wheat YG. An incomplete factorial treatment structure established in a randomized complete block design was conducted to evaluate the effects of 14 treatments on yield, YG, protein concentration, and net returns. The variety 'Everest' was evaluated at three locations in 2016 and 2017. We individually added six treatments to a farmer practice control (FP) or removed from a water-limited yield control (Y w ), which received all treatments. Treatments were: additional N, S, Cl, increased plant population, foliar fungicide, and plant growth regulator. Under no-till which had low disease pressure, the Y w increased grain yield by 0.4 Mg ha -1 as compared with FP, mostly led by additional N, S, increased population, and fungicide (0.2-0.4 Mg ha -1 ). In conventional till which had high-disease pressure, the Y w increased grain yield by 1.2 Mg ha -1 as compared with the FP, and foliar fungicide increased grain yield by 1.4 Mg ha -1 . Foliar fungicide and increased plant population economically reduced the YG for conventional till and notill, respectively. Net return analysis indicated that intensifying wheat management might be justifiable when using low-cost fungicides and if protein premiums are expected. Our results suggest that an integrated pest management should be preferred over an Y w approach with prophylactic pesticide application.
Y
ield potential is the yield attained by an adapted cultivar grown under best management practices and only limited by solar radiation and temperature (van Ittersum et al., 2013) . For non-irrigated systems, such as the majority of the wheat grown in the central Great Plains of the United States (i.e., the states of Kansas, Colorado, Nebraska, and Oklahoma), water-deficit stress decreases yield potential and therefore the water-limited yield potential (Y w ; van Ittersum et al., 2013 ) is a more relevant benchmark to calculate YG and set goals for sustainable intensification. For non-irrigated conditions, the YG can be defined as the difference between Y w and average yield for that location-year (Neumann et al., 2010) . Kansas produces approximately 26% of the total US wheat production (USDA-NASS, 2017a); however, the central region of the state has documented a YG ranging between 2.7 to 3.1 Mg ha -1 , with current average yields of ~3 Mg ha -1 representing only 54% of the Y w . According to Lobell et al. (2009) , crop yields can be economically improved to ~75 to 80% of the Y w in these rainfed environments, which suggests a ~25% opportunity for yield improvement through agronomic management. Thus, development of management strategies impacting wheat yields is crucial to maximize Y w and consequently reduce this large YG in non-irrigated wheat production systems.
Recent research has been conducted to evaluate agronomic management strategies to reduce the YG in maize (Grassini et al., 2014; Ruffo et al., 2015) , soybeans (Grassini et al., 2015) , and rice (Laborte et al., 2012) ; however, limited information is available using an enhanced management systems approach (Ruffo et al., 2015) to reduce YG in winter wheat. Lollato and Edwards (2015) used an intensified management approach to quantify Y w in the southern US Great Plains; however, did not study combinations of management practices to economically reduce YG. Mohamed et al. (1990) and Beres et al. (2010) studied combinations of management practices affecting wheat yields, but their results from irrigated wheat in California or high-yielding hard red winter wheat in Alberta (Canada) likely do not translate directly into applicable information for non-irrigated wheat production in Kansas. Agronomic intensification will be adopted by producers if economically viable; thus, identifying a combination of management practices that improve grain yield and maximize profit can help economically reduce the current YG (Dobermann et al., 2003) .
Nutrient management is an important aspect of reducing YG (van Ittersum et al., 2013) . For wheat, N is essential to maximize grain yield and quality (Byers et al., 1987) by increasing tiller production, grain number per unit area (Weisz et al., 2001) and grain protein concentration (Dick et al., 2016) . In Kansas, producers typically apply N exclusively in the fall prior to or during sowing, or split the application between sowing and early spring. However, split applications of N fertilizer at both Feekes growth stage (GS) 3 to 4 (Large, 1954) and Feekes GS 5 to 6 can improve wheat N use efficiency and have yet to be evaluted in a systems approach. Sulfur is an important secondary nutrient for wheat yield, and also affects wheat grain quality (Zhao et al., 1999) . Sulfur deficiencies are more prevalent in recent years (Camberato and Casteel, 2010) because of the decline in organic matter in cultivated soils as compared with native vegetation (Lollato et al., 2012) and a decrease in S dioxide in the rainfall due to the USEPA Clean Air Act (Ceccotti, 1996) . Chloride is an important micronutrient for wheat yield and deficiencies are common in Kansas (Lamond et al., 1995 (Lamond et al., , 1999 . A recent meta-analysis indicated that Cl application increased wheat yield on average by 8% in Kansas (Ruiz Diaz et al., 2012) , warranting further exploration within a systems approach.
Plant population defines the crop's capability to capture resources such as water, nutrients, and solar radiation (Satorre and Slafer, 1999) . Wheat plants subject to high population generally have fewer tillers and grains than widely spaced plants (Rana et al., 1995) . However, widely spaced plants can result in fewer plants per unit area and consequently fewer grains per unit area, explaining the typical parabolic response of grain yield to plant population (Holliday, 1960) . Definition of optimum plant population for wheat is challenging not only because of the high plant plasticity and compensation capacity through tillering, but also because it interacts with sowing date (Darwinkel et al., 1977) , fertility levels (Alley et al., 2009) , and tillage practice (Staggenborg et al., 2003) . Therefore, more information is needed to define optimum plant population to maximize grain yield and minimize wheat YG in water-limited environments.
Another major yield-limiting factor in the majority of the winter wheat growing regions of the world is the incidence of fungal pathogens. Major fungal foliar diseases are leaf rust (Puccinia triticina) and stripe rust (Puccinia striiformis Westend. f. sp. tritici Eriks.), which together have caused production losses as great as 25% per year or more in Kansas (USDA-ARS, 2017). While genetic resistance can protect winter wheat cultivars from fungal pathogens, diseases usually overcome the resistance in a few years from variety release (Perronne et al., 2017) . When varieties susceptible to the aforementioned foliar diseases are grown due to other desirable agronomic traits (e.g., increased yield potential, head scab resistance, barely yellow dwarf resistance), the application of strobilurin or triazole classes of fungicide around Feekes GS 10 or 10.5 can help with disease control (Bhatta et al., 2018) . Most fungicide applications aim to protect the flag leaf, which can account a large portion (i.e., greater than 50%) of the photosynthates translocated to grains during grain fill (Rawson et al., 1983) . Long-term studies in the region suggested that fungicide-treated resistant varieties had approximately 10% greater grain yields, and yield differences in susceptible varieties were greater (Thompson et al., 2014) . However, foliar fungicide application is not always economical (Weisz et al., 2011) , especially with low wheat prices (USDA-AMS, 2017). As a consequence, foliar fungicides are only used in about 25% of the winter wheat area (USDA-NASS, 2018), and further research exploring its role on decreasing YG within an systems approach is yet to be explored.
Lodging results from either stem failure or root displacement (Pinthus, 1974) , and is a major concern when wheat is grown under intensive management (Lollato and Edwards, 2015) . Plant growth regulators (PGR) can be an alternative to reduce lodging in these systems (Nafziger et al., 1986) . The most commonly used PGR are ethephon (de Wilde, 1971) , chlormequat chloride (Cathey, 1964) , and trinexapac-ethyl (Rademacher, 2000) . While the use of PGR can decrease plant height and reduce the damaging effects of lodging, its effects on grain yield and grain protein concentration are inconsistent (Nafziger et al., 1986; Mohamed et al., 1990; Knott et al., 2016) ; thus, more research is needed to identify whether it is economical.
The majority of previous wheat research has focused either on the effects of individual management practices or the combination of two management factors at a time (Baethgen and Alley, 1989; Kaitibie et al., 2002; Mengel et al., 2009; Edwards et al., 2012) with either conventional or no-tillage systems (Staggenborg et al., 2003) . Limited research has comprehensively investigated the combination of multiple management practices and their effects on economically reducing wheat YG. Thus, our objective was to quantify the individual contribution of the most important yield-limiting factors in wheat production in Kansas to maximize yield and minimize YG using a systems approach. Specific objectives were to: (i) understand how nutrient, pest, and crop management practices, and their combination, affect wheat yield and yield components; and (ii) execute a sensitivity analysis to identify which agronomic practices resulted in greater return over investment for producers whose objectives are to maximize wheat yield and profitability.
mAterIAls And methods site description
Field studies were conducted under rainfed conditions at three Kansas locations during the 2016 and 2017 winter wheat growing seasons. Experiments were established near Belleville, KS (39°48' N, 97°48' W; 450 m asl) on a Crete silt loam (fine, smectitic, mesic Pachic Udertic Argiustolls), near Hutchinson, KS (37°55' N, 98°1' W; 530 m asl) on a Ost loam (fine-loamy, mixed, superactive, mesic Udic Argiustolls), and near Manhattan, KS (39°12' N, 96°35' W; 350 m asl) on a Kahola silt loam (fine-silty, mixed, superactive, mesic Cumulic Hapludolls), for a total of six siteyears. These locations were selected to capture the environmental variability in weather and soils across central Kansas, with 10-yr yield average of 2.8, 2.5, and 2.8 Mg ha -1 , respectively (USDA-NASS, 2017b). Sites were near a weather monitoring station from the Kansas Mesonet (http://mesonet.k-state.edu/), which provided precipitation and average daily temperatures (Table 1) .
crop management
Experiments were established under conventional tillage following a previous winter wheat crop in Belleville and Hutchinson, and under no-till system following maize (Zea mays L.) in Manhattan (9 yr in no-till). Conventional tillage was performed using a rotary tiller at Belleville and a field cultivator at Hutchinson at an incorporation depth of 8 cm to ensure good seed bed conditions. At all site-years, weeds were controlled by a pre-and post-emergent herbicide applications to ensure these were not limiting factors (Supplemental Tables S1 and S2) .
Experiments were sown using a 7-row Great Plains 506 drill (Great Plains Manufacturing, Salina, KS) with a row spacing of 19 cm and plot dimensions were 1.3 m by 9 m in Manhattan and Belleville for 2016 and 2017. In Hutchinson, a 6-row Hege 1000 drill (Hege Equipment, Colwich, KS) with a row spacing of 25 cm was used for trial establishment in both growing seasons and plot dimensions were 1.8 m by 9 m. The wider row spacing in Hutchinson was justified because it is the typical practice adopted by wheat producers in western Kansas (Winter and Welch, 1987) . The hard red winter wheat variety Everest, the most widely planted variety in the state of Kansas for six consecutive years (USDA-NASS, 2017c), was sown at all locations. Everest is known for its high yield potential, moderate resistance to the barley yellow dwarf virus and to Fusarium head blight (Fusarium graminearum Schwabe), which is an important trait for wheat following maize. Everest is, however, susceptible to stripe rust . Seeds were treated with fungicide and insecticide to ensure no early season stresses from fungal diseases and insect pests (Supplemental Table S1 ). At all locations, a total 67 kg ha -1 of diammonium phosphate (18-46-0) was applied in-furrow at planting (Supplemental Table S2 ). In Belleville, additional 90 kg N ha -1 as urea ammonium nitrate (32-0-0) and 34 kg P ha -1 as ammonium polyphosphate (10-34-0) was broadcast and incorporated 2 wk before sowing. Phosphorus and K soil concentrations were greater than critical levels 20 and 130 mg kg -1 , respectively (Table 2) at all locations, indicating that base fertilization ensured 100% sufficiency levels for these nutrients (Leikam et al., 2003) . In both years, a Hege 140 (Hege Equipment, Colwich, KS) was used to harvest all locations. Grain moisture was determined at harvest time and corrected to 135 g kg -1 water basis. Sowing and harvest dates are presented in Supplemental Table S2 .
soil fertility Analysis
Composite soil samples consisting of 15 individual soil cores were collected at sowing from the entire trial area at each location for soil nutrient analysis (Table 2) . Samples were collected from two depths: 0 to 15 cm and 15 to 45 cm in the 2016 growing season and 0 to 15 cm and 15 to 60 cm in the 2017 growing season. A soil analysis was performed for pH, buffer pH, ammonium, nitrate, Mehlich III P, K, Ca, Mg, Na, OM, cation exchange capacity, Cl, and sulfate-sulfur (Nathan and Gelderman, 2012) .
experimental design and treatment structure
Fourteen treatments were established in an incomplete factorial treatment structure conducted in a randomized complete block design with six replications in each location (Table 3) . This treatment structure was developed to evaluate the individual effect of six different agronomic practices compared against two control treatments: a standard management control (hereafter referred to as 'Farmer Practice' [FP] ) and an intensive management water-limited yield control (hereafter referred to as Y w ). The other twelve treatments consisted of six agronomic practices individually added to the FP or removed from the Y w , similar to the method suggested by Ruffo et al. (2015) .
The agronomic practices evaluated were (i) seeding rate, rates of (ii) N, (iii) S, and (iv) Cl, (v) foliar fungicide, and (vi) PGR (Table 3) . Seeding rate was the recommended 2.78 million seeds ha -1 for the FP (Paulsen et al., 1997) , and increased to 4.0 million seeds ha -1 in the Y w . Nitrogen was topdressed at Feekes GS 3 for a yield goal of 4.7 Mg ha -1 in the FP, while the Y w had the same N regime with an additional 134 kg N ha -1 at Feekes GS 5 for a yield goal of 8.1 Mg ha -1 (Supplemental Table S2 ). Application of S or Cl fertilizers were either absent (FP) or 45 kg ha -1 at Feekes GS 5 (Y w ). Foliar fungicide applications were also either absent (FP) or applied at Feekes GS 6 and Feekes GS 10.5 in the Y w (Supplemental Tables S1 and S2). The PGR treatment also consisted of absence (FP) versus a Feekes GS 6 application (Y w ). Individual practices were not cumulatively added or removed, so that we could quantify the partial contribution of each practice (Table 3) .
treatment Applications
Nitrogen fertilizer was applied as urea (460 g N kg -1 ) at rates calculated to achieve 4.7 Mg ha -1 yield goal for the FP treatments and 8.1 Mg ha -1 for the Y w treatments (Leikam et al., 2003) (Supplemental Table S2 ). Final N rates based on these recommendations considered soil organic matter in the 0-to 15-cm depth soil layer, nitrate N (NO 3 -N) in the 0-to 60-cm Table 1 . Average monthly precipitation (Precip) and temperature (T ave ) for the 2016 and 2017 growing seasons (October to June) and 30-yr period (1981-2010) soil profile, tillage practice, and N credits from the previous crop and from starter N fertilizer placed with the seed (Table 2 ; Supplemental Table S3 ). Because soil N in the profile varied among site-year, different N rates were required at each location to meet each individual goal. A Gandy fertilizer spreader was used to apply N at Feekes GS 3. For the Y w treatments, N, S, and Cl were hand spread at Feekes GS 6. The sources used for S and Cl were gypsum (160 g S kg -1 ) and potassium chloride (450 g Cl kg -1 ) applied at 45 kg ha -1 , which should suffice to reach 95% asymptotic yield (Ruiz Diaz et al., 2012) . Foliar fungicide was applied at Feekes GS 6 at 63 g ha -1 as Picoxystrobin-Class 11 and at Feekes GS 10.5 at 85 g ha -1 as Picoxystrobin-Class 11 plus 34 g ha -1 as Cyproconazole-Class 3. The PGR was applied at Feekes GS 6 at 250 g ha -1 as trinexapac-ethyl. Both products were applied using a backpack sprayer with a CO 2 tank and a 1.5-m hand boom with TEEJET yellow flat fan nozzles (11002VS) and a non-ionic surfactant (1905 g ha -1 ).
plant measurements Plant measurements included stand count, percentage of green canopy cover, plant height, aboveground plant biomass, grain yield, and yield components (number of spikes per square meter, harvest index [HI], 1000-grain weight, and number of grains per spike]. Stand count was conducted three to 4 wk after sowing by counting the number of emerged plants in one linear meter in the middle rows at two different places within each experimental unit. The percentage of green canopy cover was measured using a methodology similar to the one described by Purcell (2000) , where digital photographs encompassed approximately one meter square of the plot area were taken in different stages of crop development and were analyzed using Canopeo (Patrignani and Ochsner, 2015) . Canopy cover measurements were taken after Feekes GS 6 on a two week basis until Feekes GS 11.4. Plant height was measured from the soil surface to the tip of the wheat awns from three plants per plot at physiological maturity. Table 2 . Initial soil fertility information at sowing at Belleville, Hutchinson, and Manhattan, KS, for the 2016 and 2017 growing seasons. Soil test includes soil pH, buffer pH, Mehlich-3 extractable phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sodium (Na), ammonium nitrogen (NH 4 -N) and nitrate nitrogen (NO 3 -N), chloride (Cl), sulfate sulfur (SO 4 -S), organic matter (OM) and cation exchange capacity (CEC). Sampling depths were 0 to 15 cm and 15 to 45 cm in 2016 and 0 to 15 cm and 15 to 60 cm in 2017. Location Depth Aboveground plant biomass was determined at maturity by clipping a one linear meter from the middle row of each plot and oven drying samples for at least 1 wk at 50°C to constant moisture. Grain HI (quotient of grain yield over total plant biomass) and yield components were determined from the biomass samples collected at maturity and are reported on a dry weight basis. Grain yield was determined by combine harvesting the entire experimental unit and weighed by a harvest master (Juniper Systems, Logan, UT). Grain samples were retrieved and cleaned to remove foreign material using an air-blast seed cleaner (Alma, Co SABSCIC, Nevada, IA), and used to determine grain test weight (kg m -3 ) and grain protein concentration (g kg -1 ) using a near-infrared reflectance spectroscopy technique with a Perten DA 7200, both reported on a 135 g kg -1 water basis.
yield gap Analysis
Within each site-year, the percentage of YG was calculated as the yield difference between Y w and each management strategy on a block basis to allow for statistical analysis. The Y w had no signs of yield limiting factors (e.g., nutrient deficiency, pests, lodging), thus being representative of the water-limited potential yield for each location (van Ittersum et al., 2013) .
economic Analysis
We estimated net returns for four different marketing scenarios: Scenario 1, a brand-name high-cost foliar fungicide not receiving protein premiums; Scenario 2, a generic lowcost fungicide not receiving protein premiums; Scenario 3, a brand-name high-cost fungicide receiving protein premium; and Scenario 4, a generic low-cost fungicide product receiving protein premiums. Within each site-year, net return was determined by the sum of the fixed and variable costs of each individual treatment factor used in that particular management system for each block. We used a fixed cost of US$606 ha -1 (USDA-ERS, 2016) and variable costs varied according to each treatment factor, including $0.77 kg -1 N, $0.29 kg -1 S, $0.86 kg -1 Cl, $0.49 kg -1 of seed, two fungicide products consisting of a brand-name high-cost ($0.08 mL -1 ) and a generic low-cost ($0.01 mL -1 ), and PGR ($0.04 mL -1 ). Variable costs were the same for both growing seasons. We used wheat grain prices of $139 Mg -1 in 2016 and $140 Mg -1 in 2017, which reflects actual grain prices for wheat with less than 120 g kg -1 protein concentration during each study year in Kansas. We also performed the analyses considering grain prices of $154 Mg -1 in 2016 and $169 Mg -1 in 2017 for protein concentration greater than 120 g kg -1 . These prices were determined by the average for each respective calendar year from elevators (when not receiving a protein premium) and miller and processers (when receiving a protein premium) in central Kansas (USDA-AMS, 2017).
statistical Analysis
The effects of different treatments on dependent variables were analyzed with a linear mixed model using the PROC MIXED procedure of SAS Version 9.4 (SAS Institute Inc, 2009). Analyses of variance followed a hierarchical structure at two different levels. First, treatment effects were evaluated within each site-year considering treatment as fixed effects and blocks as random effects. Second, a combined analysis was performed, and treatments were considered as fixed effects, and locations, years, and blocks were considered random effects, locations nested within year and blocks nested within location and year. Due to lack of significant differences for site and year interactions (P > 0.17), Belleville and Hutchinson were combined across growing seasons for four site years (hereafter referred to as "conventional till"). Similarly, no site by year interactions were found for Manhattan (P > 0.12); thus, both growing season were combined (hereafter referred to as "no-till" analysis). As previous literature indicated that management strategies needed to maximize wheat grain yield are different according to tillage practice (Staggenborg et al., 2003) , we did not perform a complete combined analysis (i.e., six site-years) as it was not agronomically justifiable due to the confounding effects of tillage practice and growing region. At all hierarchical levels, a one-way analysis of variance was used due to the incomplete nature of the factorial structure adopted, and degrees of freedom were computed using the approximation described by Kenward and Roger (1997) . A pre-planned set of orthogonal contrasts was used to evaluate the significance of the difference in least square means estimates between specific factors across treatments. We used the ESTIMATE function in SAS to evaluate the effect of FP versus Y w across all individual treatment additions or removals, as well as the effect of each individual factor across both FP and Y w . For instance, the FP was compared with the FP plus fungicide, and the Y w was compared with the Y w minus fungicide. Likewise, to evaluate whether fungicide was a significant factor across management levels, orthogonal contrasts were specified to compare both FP and the Y w minus fungicide (both treatments with no added fungicide, across management levels) versus both FP with additional fungicide and the Y w treatment (both treatments with added fungicide, across management levels). Grain yield is presented and discussed at both hierarchical levels, while all other measurements are reported based on the combined analysis. Finally, to evaluate the performance of each management strategy at different yield levels, we performed a stability analysis using a similar protocol of that suggested by Eberhart and Russell (1966) in treatment yield is regressed linearly on the site-year mean yield.
results weather conditions
The weather conditions at all six site-years followed similar trends, except for slightly lower cumulative precipitation during the 2017 growing season as compared with the previous year and 30-yr average (Table 1) . Overall, all locations had adequate moisture at planting for good stand establishment. In 2016, abovenormal temperatures and below-normal precipitation (Table 1) during the winter and early spring until mid-April hindered spring tillering capacity and precluded early season fertilizer from being dissolved into the soil profile. In 2017, spring precipitation started in mid-March and helped to incorporate the early fertilizer application in the root zone. In both seasons, the early grain filling period consisted of above-average precipitation and belowaverage temperatures (Table 1) , allowing for increased disease pressure (USDA-ARS, 2016) and yield potential.
grain yield overview
Average grain yield was greater in 2017 than in 2016. In 2016, average yields ranged from 3.5 to 6.7 Mg ha -1 in Belleville; from 2.4 to 3.9 Mg ha -1 in Hutchinson due to a relatively late sowing which hindered fall tillering and reduced kernels m -2 (data not shown); and between 3.3 and 3.9 Mg ha -1 in Manhattan, which were still above the ten year average for that region (i.e., 2.3 Mg ha -1 ) . In 2017, average grain yield was as high as 6.4, 6.9, and 5.5 Mg ha -1 in Belleville, Hutchinson, and Manhattan, respectively; mostly led by below average temperatures during the grain filling period despite less than 400 mm of precipitation. Total precipitation is still considered greater than the minimum necessary to maximize wheat yields (Patrignani et al., 2014) .
treatment effects on grain yield by site-year
There was a significant treatment effect on wheat grain yield at all site-years (Table 4) . Fungicide was the major factor significantly contributing to grain yield increases in Belleville 2016 and 2017 and in Hutchinson 2016 (Table 5) . In Hutchinson 2017, grain yield was improved with both fungicide and additional-N applications. The experiments in Belleville and Hutchinson, which were conducted under conventional tillage, were centrally located in the state and experienced greater disease pressure relative to the no-till trials in Manhattan in both years. The disease pressure at Belleville and Hutchinson significantly decreased the percentage of green leaf area shortly after anthesis (Fig. 1) . For instance, the absence of foliar fungicides reduced green canopy cover from approximately 84 to 39% at Belleville 2017, and similar trends were observed for the other locations (Fig. 1) . Although wheat is not usually source-limited during grain fill (Borrás et al., 2004) , the reduced leaf area due to disease severity early during the grain filling period likely led to some extent of source limitation, reducing wheat yields.
In 2016, adding foliar fungicide to the FP increased yield from 4.0 to 6.2 Mg ha -1 , and removing fungicide from the Y w decreased yield from 6.5 to 4.3 Mg ha -1 in Belleville (Table 5 ). Orthogonal contrasts indicated that yield significantly increased by 2.1 Mg ha -1 in the Y w and by 2.2 Mg ha -1 due to fungicide alone (Table 5) . Similarly in Hutchinson, the addition of fungicide significantly increased grain yield from 2.6 Mg ha -1 in the FP to 3.4 Mg ha -1 and removal of fungicide from the Y w reduced yields from 3.5 to 2.2 Mg ha -1 (Table 5 ). Orthogonal contrasts indicated that yields increased by 0.7 Mg ha -1 from FP to Y w and by 1.0 Mg ha -1 due to fungicide (Table 5 ). In 2017, adding foliar fungicide to the FP did not significantly increase grain yield (5.2 Mg ha -1 ) but removing fungicide from the Y w reduced grain yield from 6.1 to 4.7 Mg ha -1 in Belleville (Table 5 ). Orthogonal contrasts indicated that the Y w and fungicide increased yields by 0.7 and 0.9 Mg ha -1 , respectively. In Hutchinson, grain yield significantly responded to fungicide and additional N. The FP yielded 5.0 Mg ha -1 and increased to 6.1 Mg ha -1 due to the addition of fungicide. The Y w yielded 6.8 Mg ha -1 and yields were significantly reduced by the removal of additional N (6.0 Mg ha -1 ) and fungicide (4.8 Mg ha -1 ). Orthogonal contrasts indicated that yields increased significantly by 1.2 Mg ha -1 due to the Y w , by 0.4 Mg ha -1 due to additional N, and by 1.6 Mg ha -1 due to fungicide.
In the eastern location, Manhattan, no addition of treatments significantly increased yields from the FP during the first studied season (3.2 Mg ha -1 ; Table 5 ). However, the Y w yielded 3.9 Mg ha -1 , and yields were significantly reduced by the removal of additional N (3.3 Mg ha -1 ), S (3.6 Mg ha -1 ), decreasing plant population (3.5 Mg ha -1 ), and fungicide -till (Manhattan, 2016 and and conventional till (Belleville, 2016 and Hutchinson, 2016 and Fungicide was the only significant treatment affecting grain yield in the combined analysis for conventional till (Table 5) , which was likely an unplanned consequence of all four site-years being centrally located where greater disease pressure was experienced. The FP yield increased from 4.2 to 5.3 Mg ha -1 due to the addition of fungicide, and removing fungicide from the Y w reduced yield from 5.7 to 4.0 Mg ha -1 . This significant yield effect can be attributed to the positive effect of fungicide addition to FP in three out of the four site-years, and fungicide removal decreasing Y w yields in all site-years (Table 5) yield stability Stability analysis suggested that the Y w treatment demonstrated consistent increases in grain yield as compared with the FP across environments ranging from 2.97 to 5.74 Mg ha -1 (Fig. 2) . The Y w treatment, as well as the removal of PGR from the Y w , resulted in a slope greater than one and less variation about the fitted line (i.e., greater r 2 ), suggesting adaptability specific to higher yielding environments and greater stability, respectively (Table 6) . Nonetheless, the slope of the FP treatment did not differ statistically from one and there was a low variation about the fitted line, suggesting that this management strategy had wide adaptability and was stable across yield environments. The additional N to the FP resulted in a slope lower than one, suggesting that N application had greater effect in low yielding environments (Table 6 ).
yield components
Final stand establishment was 188 plants m -2 in no-till and 212 plants m -2 in conventional till, and increased by 27 and 48% due to increased plant population, respectively (data not shown). As expected, higher seeding rate was the only significant treatment effect on final plant stand (Table 7) . Plant height was affected by treatment application across both tillage practices: in no-till locations, plant height at the FP was 86 cm and 80 cm in the Y w ; however, no individual additional or removal (Manhattan, 2016 and and conventional till (Belleville, 2016 and Hutchinson, 2016 and (Table 7) , with HI values ranging from 0.35 to 0.40 for all treatment applications and controls (data not shown).
till Conventional till --------------------Mg ha -1 --------------------
In the no-till system, increased plant population increased spike number per square meter from 730 in the FP to 880, and removal of foliar fungicide decreased the number of spikes from 940 in the Y w to 830. Orthogonal contrasts indicated that the Y w increased the number of spikes by 110 and increased plant population by 105 in the no-till system (data not shown). In the conventional till, removing additional N reduced the number of spikes from 1057 in the Y w to 907. Orthogonal contrasts indicated that the Y w increased number of spikes by 148 but with no consistent individual treatment effect (data not shown). Our combined analysis indicated a significant treatment effect on kernel number per square meter for no-till but not for conventional till (Table 7) . In no-till, removing fungicide from the Y w reduced kernel number per square meter from 22,900 to 19,500, and orthogonal contrasts indicated 2,500 greater grains due to Y w (data not shown). Our combined analysis also indicated a significant treatment effect on 1000-kernel weight for conventional till but not for the no-till system (Table 7) , the latter resulting in very similar 1000-kernel weight between FP (23.2 g) and Y w (22.1 g). Meanwhile, removal of fungicide decreased 1000-kernel weight from 26.8 to 21.5 g in the conventionaltill analysis. Orthogonal contrasts indicated that Y w increased 1000-kernel weight by 2 g and foliar fungicide by 4 g (data not shown). While there was no treatment effect on grain test weight in the combined analyses (Table 7) , which is likely attributed to the range of test weights measured across locations and the within-location variability, trends in the individual site-year Table 6 . Linear regression equations for stability analysis of grain yield on environment mean grain yield, by addition (+) or removal (-) of individual treatments (additional N, S, Cl, plant population, fungicide, and plant growth regulator [PGR] ) from the farmer practice control (FP) and the water-limited yield potential control (Y w Additional N (-) 117 ± 2¨116 ± 5¨13 ± 2¨-2 ± 6 Intensive S (-) 126 ± 2 129 ± 5 10 ± 2¨0 ± 6 Intensive Cl (-) 124 ± 2 129 ± 5 5 ± 2 -2 ± 6 Intensive Plant population (-) 127 ± 2 129 ± 5 9 ± 2¨3 ± 6 Intensive Fungicide (-) 125 ± 2 126 ± 5 7 ± 2¨30 ± 6Ï ntensive PGR (-) 125 ± 2 127 ± 5 3 ± 2 -3 ± 6 Significance of single degree of freedom orthogonal contrasts Y w vs. FP 9 ± 1*** 12 ± 2*** -8 ± 1*** -20 ± 2*** Additional N vs. No additional N 9 ± 1*** 12 ± 4** -6 ± 2** 2 ± 4 Sulfur vs. No sulfur -1 ± 1 0 ± 4 -5 ± 2** 0 ± 4 Chloride vs. No chloride 1 ± 1 0 ± 4 -2 ± 2 1 ± 4 High vs. Low plant population -1 ± 1 0 ± 4 -8 ± 2*** -1 ± 4 Fungicide vs. No fungicide 1 ± 1 3 ± 4 -4 ± 2* -25 ± 4*** PGR vs. No PGR 1 ± 1 3 ± 4 0 ± 2 5 ± 4 * Significant at the 0.05 probability level. ** Significant at the 0.01 probability level. *** Significant at the 0.0001 probability level. analyses support that the Y w treatment (three site-years) and fungicide (four site-years) increased test weight.
grain protein concentration
Despite some site-specific variability, the additional-N treatment was the most consistent factor affecting grain protein concentration in most site-years (Table 4) . Combined analysis suggested a significant treatment effect on grain protein concentration for both the conventional and no-till analyses, and only the additional N affected protein at both tillage systems (Table 4 ). In the no-till analysis, grain protein increased from 114 g kg -1 in the FP to 123 g kg -1 due to the additional N, and decreased from 126 g kg -1 from the Y w to 117 g kg -1 when additional N was removed. Orthogonal contrasts indicated that grain protein increased by 9 g kg -1 due to both the Y w and additional N in the no-till. Likewise, grain protein increased from 111 g kg -1 in FP to 121 g kg -1 due to additional N, and decreased from 128 g kg -1 in the Y w to 116 g kg -1 due to the removal of additional N in the conventional till. Similarly, orthogonal contrasts indicated that grain protein concentration increased by 12 g kg -1 for both of the Y w and additional N in the conventional till.
yield gap
There was a significant treatment effect on YG for both conventional and no-till systems (Table 7) , with an overall larger YG in the conventional till versus no-till (Table 4 ). In the notill and low disease pressure, the YG of the FP was 16%, and increasing plant population significantly reduced the YG to 9%. Meanwhile, the YG for the Y w was significantly increased to 13% by removing additional N, to 10% by removing S, to 9% by decreasing plant population, and to 7% by removing fungicide. Orthogonal contrasts indicated that the FP YG was reduced by 8% due to the Y w , by 6% due to additional N, by 5% due to S, by 3% due to Cl, by 8% due to increased plant population, and by 4% due to fungicide. In the conventional till and high disease pressure analysis, the YG was reduced from 26% to 5% when fungicide was added to the FP, and the YG increased to 30% when fungicide was removed from the Y w . No other treatment applications affected the YG. Orthogonal contrasts indicated that the FP YG was reduced by 20% due to the Y w and by 25% due to the fungicide in conventional till, high disease pressure.
economics Analyses
There was a significant treatment effect on net returns for both no-till and conventional till analyses (Table 7) . Due to the low wheat grain prices during the timeframe of this experiment, all marketing scenarios resulted in negative net returns when fixed costs were considered (Table 8) , which is realistic for this growing region and partially explains the consistent decrease in area planted to the crop in recent years (USDA-NASS, 2017d). Marketing Scenario 1 (i.e., high-cost fungicide, no protein premium) resulted in the highest economic losses for both the conventional till and no-till systems, and the FP treatment resulted in the least economic loss. No individual addition of treatments significantly increased income from the FP, and the Y w decreased income in $176 ha -1 in no-till and $64 ha -1 in conventional till (Table 8 ). Marketing Scenario 2 (i.e., high-cost fungicide, protein premium) slightly decreased economic losses from scenario one, and resulted in similar net return between Y w and FP under high disease pressure, scenario in which removing foliar fungicide led to $147 ha -1 greater economic losses (Table 8) . Scenario 3 (i.e., low-cost fungicide, no protein premium) further reduced economic losses, with increased plant population increasing net returns in no-till ($36 ha -1 ) and foliar fungicide increasing net returns in high-disease years ($164 ha -1 ; Table 8 ). The only scenario in which Y w had greater economic return as compared with FP was marketing Scenario 4 (i.e., low-cost fungicide, protein premium) in high-disease site-years ($65 ha -1 ), when foliar fungicide was the most important factor increasing net returns ($207 ha -1 ). Additional N resulted in negative returns ranging from -$77 to -$126 ha -1 at all scenarios except for those where premiums were received by high-protein, when adding N resulted in equal return to those where N was not added (Table 8) . Plant growth regulators decreased net income (-$2 to -$92 ha -1 ) in five out of eight scenarios evaluated (Table 8) .
dIscussIon grain yield and yield components Previous research indicated that the long-term Y w in the southern Great Plains lies between 5.2 Mg ha -1 (Lollato et al., 2019) and 6.7 Mg ha -1 (Patrignani et al., 2014) . These long-term Y w estimates are not greater due to environmental variability and heat and drought stresses during grain fill as compared with other regions (Patrignani et al., 2014; Lollato and Edwards, 2015) . However, environmental conditions were near-optimal in our experiment (e.g., above average precipitation and below average spring temperatures) and our results indicated that grain yield in the Y w treatment was 5.7 Mg ha -1 , suggesting that maximizing yields past the previously suggested 5.2 Mg ha -1 is highly unlikely in the southern US Great Plains.
conventional till with high disease pressure
Greater grain yield due to foliar fungicide can be attributed to the severe stripe rust infestations experienced during both growing seasons (USDA-ARS, 2017). Under optimum conditions, greater than 60% of photosynthates translocated to developing wheat grains are produced by the upper canopy during grain fill; thus, fungicide application protected the green leaf area and allowed for photosynthate production and translocation (Rawson et al., 1983) . Foliar fungicide applications typically decrease wheat yield losses in susceptible wheat varieties in the presence of disease pressure (Thompson et al., 2014 , Lollato et al., 2019 , with yield losses greater than 20% in the Great Plains from the absence of fungicide . Fungicide led to a prolonged grain filling, as indicated by percentage of canopy coverage (Fig. 1) , and consequently increased 1000-kernel weight and greater grain yield. Likewise, previous research suggested that foliar fungicide increased (Cruppe et al., 2017) and its absence reduced (Akanda and Mundt, 1997; Afzal et al., 2008) wheat 1000-kernel weight and grain yield.
Wheat is generally sink limited, and as a consequence, kernels per square meter is often more correlated to grain yield than 1000-kernel weight (Borrás et al., 2004) . Slafer et al. (2014) indicated that kernel number act as course regulators and are main drivers for wheat grain yield, whereas 1000-kernel weight act as fine regulators and have a smaller effect on increases in grain yield. However, within the context of our experiment, Table 8 . Sensitivity analysis with respect to wheat price based on protein concentration (determined by USDA-AMS, 2017) and fungicide price to determine net income of winter wheat affected by management strategy and by addition (+) or removal (-) of individual treatments (additional N, S, Cl, plant population, fungicide, and plant growth regulator [PGR] ) from the farmer practice control (FP) and the water-limited yield potential control (Y w ) for the 2016 and 2017 growing seasons in Belleville, Hutchinson, and Manhattan, KS, as well as for the pooled analysis across siteyears of no-till (Manhattan, 2016 ) and conventional till (Belleville, 2016 Hutchinson, 2016 and . -90 ± 40* * Significant at the 0.05 probability level. ** Significant at the 0.01 probability level. *** Significant at the 0.0001 probability level. † Four marketing scenarios were considered. In Scenario 1, sensitivity analysis included values for no protein premium and a high-cost fungicide product. In Scenario 2, sensitivity analysis included values for received protein premium and high-cost fungicide product. In Scenario 3, sensitivity analysis included values for no protein premium and low-cost fungicide product. In Scenario 4, sensitivity analysis included values for received protein premium and low-cost fungicide product. ‡ Values are given with one standard error of the difference. § Filled diamonds (¨) indicate treatment was significantly different from the respective management control at a < 0.05 (individual treatment additions to the standard control compared with the standard control, and individual treatment removal from the intensive control compared with the intensive control). Values without symbols show no treatment differences from the respective management strategy control.
treatments did not significantly affect kernels m -2 as consistently as they affected 1000-kernel weight. As a consequence, correlations between grain yield and 1000-kernel weight (r 2 = 0.32, p < 0.0001) were greater than those between grain yield and kernel number (r 2 = 0.24, p < 0.0001), suggesting that grain yield was co-limited by source (kernel weight) and sink (kernels m -2 ). While association between 1000-kernel weight and grain yield could reflect a sink limitation (i.e., lower potential grain weight; Lynch et al., 2017) , this is not the case of our study as the same variety had greater 1000-kernel weight when treated with a foliar fungicide. Instead, the lack of foliar fungicide reduced leaf area and resulted in assimilate shortage and thus lower degree of grain fill (i.e., partial source limitation; Lynch et al., 2017) . Similarly, Lollato and Edwards (2015) found kernel weight to significantly increase wheat grain yield in the southern Great Plains, although the authors reported drought as the limiting factor instead of disease pressure. Our experiment adds empirical evidence to support that winter wheat may be co-limited by source and sink in the studied region. Similar co-limitation was reported by Lynch et al. (2017) , who indicated kernel weight increased wheat grain yields in low yielding environments. Additionally, Slafer et al. (2014) suggested that increases in kernel number per square meter were a result of increased spike number per square meter rather than kernel number per spike. Our results, suggest similar proportion of the variability in kernel number per square meter explained by kernel number per spike (r 2 = 0.29, p < 0.0001) and spikes per square meter (r 2 = 0.28, p < 0.0001), likely because spring tillering was compromised by drought and lack of fertilizer dissolution in half of the studied site-years.
no-till with low disease pressure
Our no-till analysis suggested that a more comprehensive management approach is needed to maximize yields, as more factors were significant. Increased plant population and N rates are generally recommended for wheat grown in no-till to help decrease the effects of the residue left on the soil surface (Staggenborg et al., 2003) . Staggenborg et al. (2003) suggested that seeding rates should be increased to 134 kg ha -1 when wheat followed soybean and sorghum, which was confirmed by our results. Likewise, Staggenborg et al. (2003) suggested increasing N rates by 21 kg N ha -1 in a no-till cropping system due to increased residue on the soil surface, which might immobilize a large portion of the applied N (Doran, 1980) . The preplant soil fertility analysis indicated and an additional 13 mg S kg -1 would be required to meet the Y w yield goal (Leikam et al., 2003) . Thus, the removal of S from the Y w resulted in yield reduction (Table 5 ). Yield increase from S application in the southern Great Plains might also result from a mismatch between soil S availability and crop S demand. Soil S availability is lower in early spring as mineralization of organic matter is low due to cooler temperatures (Camberato and Casteel, 2010) ; meanwhile, approximately 80% of winter wheat S is taken up before anthesis (Hocking, 1994) . Thus, by the time organic matter mineralization increases to levels sufficient to meet crop demand, the plant has likely already taken up the majority of its required S. Thus, S applied to winter wheat results in yield gains many years (Girma et al., 2005) . Leaf and stripe rust pressures were low in both growing seasons in our no-till site; however, removing foliar fungicide from the Y w reduced grain yield in the 2017 growing season mostly led by reduced kernel number per square meter. This was likely due to early season disease reducing potential kernel number per spike or less survival of secondary tillers in the absence of fungicide. The determination of potential kernel number per square meter occurs between Feekes GS 4 and 6 in wheat, and plant stresses during this period can reduce the potential kernel number (Slafer et al., 1990) . Kernel number per square meter might also result from abortion of secondary tillers in the absence of fungicide, which was one of the main drivers of increased yield in no-till system.
The relationship between yield components and grain yield in the no-till analysis were slightly different than those in the conventional till, likely attributed to the yield environment and tillage practice. In these site-years, kernel number per square meter and 1000-kernel weight had similar correlations with grain yield (r 2 = 0.39 and 0.37, p < 0.0001), indicating a slightly greater sink limitation than that observed in central Kansas, where source limitation was slightly stronger. Additionally, kernel number per square meter had a stronger correlation to spike number per square meter than kernel number per spike, agreeing with Slafer et al. (2014) in that kernel number per square meter plays a larger role in increasing wheat yield (Slafer et al., 2014) .
Adaptability and stability of grain yield
In general, the FP treatment had adaptability to a wide range of yield environments, suggesting an opportunity to improve profitability with a less intensive management while still matching the environmental yield potential. Adding N to the FP resulted in adaptability restricted to lower yielding environment, which differs from the literature suggesting addition of N typically benefited higher-yielding environments (Raun et al., 1993) . Differences between our findings and those of Raun et al. (1993) can be attributed to the different yield levels studied, as Raun et al. (1993) considered >2.0 Mg ha -1 as high yielding environments whereas we considered low yielding environments <3.4 Mg ha -1 . Additionally, all lower yield environments in our analysis were conducted under no-till, situation in which additional N was warranted (Staggenborg et al., 2003) , possibly affecting the interpretation of our stability analysis. Similarly, the adaptability specific to high-yielding environments when S was removed from the Y w can likely be explained by yield decrease from S removal in no-till. The Y w and the Y w minus PGR resulted in adaptability specific to highyielding environments, suggesting an opportunity to capitalize in the environmental yield potential in higher yielding seasons. Hypothetically, farmers typically benefiting from higher yielding conditions (i.e., consistent weather and soils with increased water-and nutrient-holding capacity) could adopt more intensive practices to maximize production, although economically this decision would likely restricted to producers with on-farm storage who can benefit from potential premiums for protein (Dick et al., 2016) .
grain test weight and protein concentration
Grain weight is the last yield component determined in wheat (i.e., spikes m -1 , kernels spike -1 , kernels m -1 , and kernel weight); thus, leaf area is essential to provide the photosynthates to fill the wheat grain, justifying the significant effect of fungicide on wheat test weight. Foliar fungicides are usually beneficial to wheat grain test weight, although actual results are dependent on the environment and disease pressure (Cruppe et al., 2017) . Meanwhile, the additional N increased grain yield in no-till, and increased grain protein concentration more in conventional till as compared with no-till. These findings indicate additional N can increase grain protein concentration, but due to the greater N requirement in no-till, this protein gain might be diluted due to increased grain yields as compared with same N rates in conventional tillage systems. These findings also support that, to maximize grain protein, wheat required more N than that for yield, as N is key in maximizing protein concentration (Bly and Woodard, 2003) and its accumulation in the grain occurs relatively early during grain fill (Daigger et al., 1976; Dupont et al., 2006) . The net economic loss due to additional N, however, suggests that this practice might not be warranted in Kansas as a premium is rarely paid for high protein (Dick et al., 2016) .
economically reducing winter wheat yield gaps
We quantified the winter wheat YG in Kansas during the two studied seasons, as well as management strategies to economically maintain these YG at less than 20% for conventional till systems in central Kansas. However, our results apply for growing seasons with high Y w and disease pressure. Further research is needed to examine the YG and the management practices that can reduce it when disease pressure is low. The sensitivity analysis indicated that a low-cost fungicide applied when protein premiums for grain delivered above 120 mg kg -1 protein occur, was the most economical scenario, and the only scenario in which Y w resulted in greater net return than the FP. This scenario assumed that generic fungicides are as effective at controlling foliar diseases as name brand products, thus no yield reduction should occur due to fungicide choice (DeWolf, 2017). Our results also support an additional-N application if protein premiums are to be expected. However, protein premiums are unpredictable in the region (Dick et al., 2016) , and further research is needed to determine when industries set their protein premiums. The reduction in the YG from 20% in the FP to 5% when fungicide was applied, or from 8% in the FP treatment by increased plant population in no-till, combined with an increase in net income due to either practice, is reinforced by Lobell et al. (2009) who suggested that raising yield above 80% of Y w in rainfed systems can be achieved with practices that reduce uncertainty led by soil or weather conditions, such as higher seeding rate (e.g., better stands on a heavy residue situation) or fungicides (e.g., protection from foliar pathogens). Our results allowed for economically producing 92% of the Y w , which agrees with Grassini et al. (2015) who found commercial soybean production systems achieved as high as 90% of their Y w .
plant growth regulators
Plant height was significantly affected by PGR in five out of six site-years, which agree with previous research (Nafziger et al., 1986; Mohamed et al., 1990; Swoish and Steinke, 2017) , but contrasts with cases in which PGR had no effect (Knott et al., 2016) . Swoish and Steinke (2017) also reported a yield increase resulting from PGR, which was not measured in our experiment or by others (Mohamed et al., 1990; Knott et al., 2016) . Environmental conditions had a great effect on the effectiveness of PGR applications, as plant height was unaffected in some site-years and in others, it was significantly reduced. Everest, the variety sown in this experiment, has a robust straw strength ; thus, lodging was expected to be minimal. Due to a neutral yield response, a PGR application is not economically justified as it resulted in a negative net return for both the no-till and conventional till analyses. These results differ from studies conducted in Europe, region characterized by greater Y w , where the use of PGR is economical (Baylis, 1990) . Our results and available literature suggests that PGR should only be considered in regions with high Y w and varieties in which lodging is major concern.
conclusIons Our results support the idea of an integrated pest management approach to maximize winter wheat profitability, considering conditions experienced in the current growing season instead of performing an intensive system in which prophylactic pesticide applications are performed. Across all site-years studied, using the Y w approach was only economical in high yielding environments under a marketing scenario where producers adopt cheaper generic fungicides and market the grain at a protein premium never economical; otherwise resulting in net returns consistently lower than the FP. Instead, different management practices were required to economically reduce winter wheat YG according to tillage practice and environmental conditions. Individual management strategies that economically reduced the YG in the seasons studied were foliar fungicides in in high disease-pressure site-years, and increased plant population in no-till.
Our results indicate that additional N, S, and fungicides may also help reduce the YG in a no-till system, although these were not economical. The lack of net return from these operations in our study might be a consequence of the low price of wheat for both growing seasons, and an increase in price might justify applying these inputs. In this experiment, no consistent yield response was measured from the application of N, S, or Cl. All pre-plant soil analysis measured adequate levels for S and Cl for the yield goals studied in most seasons; thus, a there was no consistent yield response, reinforcing the need for soil sampling at wheat sowing to improve fertilizer application decisions, increase the system's profitability, and for environmental stewardship. Likewise, due to the excellent straw strength of the wheat variety used in this study, there was no yield response from PGR. Grain protein concentration significantly increased with additional N; however, producers of the southern US Great Plains rarely receive premiums for increased grain protein concentration and increasing N rates solely with the objective of increasing grain protein concentration is not justifiable. One limitation of this research was the evaluation of a single variety. If a variety resistant to stripe rust had been evaluated, fungicide might not have significantly increased grain yield. Future research should include multiple varieties, a range of plant population rates in both no-till and conventional till systems, and S effects on wheat grain yield when following different crops.
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